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Abstract 

Purpose To construct future visions of how innovative tech¬ 
nologies should be used in the envisioned sustainable society 
while being aware of system-wide environmental impacts, 
consequential life cycle assessment (c-LCA) is useful. To 
systematically evaluate the technologies being aware of uncer¬ 
tainties in choice of technologies made in the future, in this 
article, we propose a novel graphical representation for theo¬ 
retical range of impacts that contain results from c-LCA 
studies. This approach allows analyses of the consequences 
of the technology introduction without conducting detailed 
modeling of consequences. 

Methods We stand on an assumption that the future envi¬ 
ronmental impacts reduced by a new technology depends on 

(1) how much the efficiency of the technology is improved, 

(2) how much of less-efficient technology is directly and 
indirectly replaced by the new technology, and (3) how 
much product is needed in the envisioned future. The diffi¬ 
culty in c-LCA is that items 2 and 3 are uncertain from 
various socioeconomic reasons that are often difficult to 
predict. By organizing the results from product LCAs in a 
systematic way, the proposed methodology allows exhibit¬ 
ing the range of consequential changes in environmental 
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impact associated with a technology innovation, taking into 
account of those uncertainties on a plain coordinated by the 
amount of product needed in the future and environmental 
impact on horizontal and vertical axes, respectively. 

Results Part 1 describes the methodological framework in 
detail, whereas part 2 elaborates on the applications of the 
methodology. By taking transportation technologies assum¬ 
ing various energy sources in Taiwan, choices of technolo¬ 
gies and evaluation of technology improvements serve as 
the case studies to demonstrate the application of the meth¬ 
odological framework. 

Conclusions By using the proposed method to organize the 
assumptions in c-LCA, discussions on different choices of 
technologies are made more systematic. In this way, stake¬ 
holders can focus on visions of the future society, which 
lead to different choices of technologies. 

Keywords Consequential LCA • Hydrogen society • 
Hydrogen technologies • Renewable energy • Transportation 

Nomenclature 

Notations 

c-LCA Consequential life cycle assessment 

P curve Production curve 

U curve Utilization curve 

/ curve Impact curve 

GHG Greenhouse gas 

Symbols 

Emin Minimum environmental impact induced from pro¬ 
duction process 

P x nax Maximum environmental impact induced from pro¬ 
duction process 

U m - m Minimum emission reduction from utilization 
process 
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U t nax Maximum emission reduction from utilization 
process 

/ m i n Minimum environmental impact of applying com¬ 
posite technology 

/ ma x Maximum environmental impact of applying com¬ 
posite technology 

1 Introduction 

There is a growing concern toward achieving sustainable 
development in modem society, leading to innovation of a 
myriad of technologies. For effective policy making on 
emerging technologies, expected reductions in induced en¬ 
vironmental interventions should be assessed from system- 
wide perspectives. To assist sustainable technology imple¬ 
mentation planning, comprehensive tools and approaches 
that play an essential role in strategic policy decision have 
been presented (Robert 2000; Robert et al. 2002; MacDonald 
2005). By carrying out environmental assessment already at 
the research and development stages, higher degrees of 
freedom with regarding to changes in in design of technol¬ 
ogy can be achieved. This has been highlighted in a previ¬ 
ous study, and also a stochastic methodology to deal with 
associated uncertainties has been provided (Hoffmann 
2001). Moreover, the perception that engineers have a re¬ 
sponsibility not just to their employers or clients but also to 
the whole society is gradually being accepted in recent years 
(Clift 2006), and the method of evaluating the effectiveness 
of different cleaner technologies and how engineers can 
contribute in the method is illustrated (Clift 2006). As seen 
above, planners and engineers are requested to design sol¬ 
utions with a wider scope in project and product life cycles. 
Nowadays, even the researchers in laboratories working on 
small parts of the process systems are asked to team up and 
acquire implications to technology development from the 
system-wide studies (Fukushima et al. 2011). 

Commonly, life cycle assessment (LCA) is considered as 
a useful tool for studying the system-wide environmental 
impacts of respective technologies. Regarding to system 
boundary selection and inventory data compilation, two 
approaches, namely, attributional LCA (a-LCA) and conse¬ 
quential LCA (c-LCA), are used (Ekvall and Weidema 
2004; Ekvall and Andrae 2006); a-LCA highlights the en¬ 
vironmental impacts associated with a product, and as dem¬ 
onstrated in carbon and water footprint activities, it is 
convenient in communication and identification of improve¬ 
ment opportunities of existing products, whereas c-LCA 
aims to describe the indirectly induced consequences of 
decision making, in addition to the direct ones, that is, 
process affected and impact directly induced by an action 
made. Both a-LCA and c-LCA can be used to support 
decision making, whereas the latter aims to deliver the 


information of marginal environmental consequences asso¬ 
ciated with a new action by integrating economic models to 
incorporate market information. As shown in a review by 
Earles and Halog (2011), c-LCA has emerged as a tool 
commonly for capturing the possible effects by affected 
technologies under physical, technological, economical, or 
political constraints applied to policy making and strategic 
environmental planning. For the purpose of change-oriented 
assessment for new technologies implementation in the fu¬ 
ture, c-LCA is the appropriate approach to support strategic 
policy making that identifies the environmental conse¬ 
quence regarding technical changes. 

However, a general framework for modeling the interre¬ 
lations among technologies is yet to be established. For 
primary indirect effects, market mechanisms and cost pro¬ 
jections can help simulate some of the technology interac¬ 
tions by assuming that market penetration occurs according 
to the cost minimization principle. Power generation tech¬ 
nologies such as solar cells (Fukushima and Kuo 2008), 
wind turbines (Kuo and Fukushima 2009), and fuel cells 
(Fukushima et al. 2004) are evaluated by this approach. In 
these studies, technology innovations are interpreted into 
cost reduction, which then drive the market penetration 
under constrained resource, social/political setting, and pro¬ 
jections of various key factors. The studies also assessed 
which of the existing technologies are being replaced by the 
new technology and showing competition relationship 
among technologies in economic perspective. As to the 
secondary indirect effects, Hertwich (2005) has pointed 
out that a change in behavior driven by the technology 
introduction can induce nonlinear changes in the achieved 
environmental impact reduction and that accompanying 
benefits and negative side effects of technical change should 
not be neglected. Several quantitative models are also pro¬ 
posed, but none of them are comprehensive enough to cover 
all the secondary indirect effects. c-LCA aims at describing 
that both primary and secondary indirect effects thus have 
been attracting wide attentions recently; however, the stan¬ 
dardized c-LCA procedure is still under development, which 
is strongly needed (Earles and Halog 2011). 

Rather than trying to establish models to simulate de¬ 
tailed and specific interrelations among technologies imple¬ 
mented in the society, in this study, we propose a graphical 
representation for c-LCA that visualizes the theoretical 
range of environmental consequences assuming a set of 
technologies that are in the same domain. This visualization 
enables to identify the range of potential environmental 
consequence of a technology replacement within the defined 
technology domain. It effectively displays marginal changes 
in environmental impacts induced by the domain technolo¬ 
gies. This method streamlines the c-LCA, avoiding detailed 
modeling of consequences while delivering useful informa¬ 
tion on how effectively technology implementation can 
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reduce environmental impacts by indicating the changes in 
theoretical maximum and minimum environmental impacts 
obtained by exhaustive combination of technologies that 
satisfy a certain demand, rather than making a precise pre¬ 
diction of consequences. The article has been divided into 
two parts. Part 1 describes the methodological framework in 
detail, whereas part 2 focuses more on the applications of 
the methodology. 

2 Methodology 

LCA is used to analyze the environmental impacts associ¬ 
ated with a product. To complete the analysis, the product 
and every stage of its life cycle are explicitly described. 
When more than one (a) product that could deliver the 
same function or (b) life cycle pathways are in the 
scope of the study, the results from combinations of 
choices (often defined as scenarios) are presented. Figure 1 
depicts a situation where N production scenarios and M use 
and disposal scenarios exist for a single product. That is, 
there are N routes of processes to produce a product and M 
ways to utilize it. 

Uncertainty is always inherent to c-LCA because it relies 
on models to predict the consequences, which have varied 
types and levels of uncertainty. As c-LCA method is helping 
to form strategic decision, the uncertainty should be com¬ 
municated to the decision makers. The novel graphical 
representation for c-LCA proposed in this study visualizes 
the theoretical range of environmental consequences with¬ 
out modeling the detailed consequences in the technology 
introduction into society. A detailed procedure of the meth¬ 
odology developed is described in this section. 

2.1 Method of developing graphical c-LCA 

This graphical c-LCA method designed for assessing tech¬ 
nology is summarized in Fig. 2. It presents the major build¬ 
ing blocks of the methodology, which are in accordance 
with the LCA framework. Four steps are included: (1) 
define a technology domain, (2) calculate associated 


impacts of selected domain technology, (3) generate a 
graphical representation, and (4) interpret the results and 
provide feedback information. 

2.1.1 Step 1: define a technology domain 

First, the evaluated technology domain should be defined. A 
process of production or utilization associated with the 
evaluated product is defined as a technology. Each technol¬ 
ogy is classified into either production or utilization tech¬ 
nology. An initial collection of production and utilization 
technologies is set based on specific criteria and constraints. 
For example, “renewable hydrogen technologies” is as¬ 
sumed as the technology domain that produces and utilizes 
hydrogen via renewable energy sources. When a technology 
conforms to criteria and constraints set, that is, produce 
hydrogen using renewables, it can be chosen in the domain. 
This corresponds with the stage of “goal and scope defini¬ 
tion” in the LCA framework. 

2.1.2 Step 2: calculate associated impact of selected domain 
technology 

Then, the environmental impacts of selected domain tech¬ 
nologies are calculated. Cradle-to-gate and gate-to-grave 
LCAs are conducted for technologies in production and 
utilization stages, respectively. In this step, LCA of each 
of technologies is calculated separately. The interrelation 
among technologies is not considered at this step. 

A cradle-to-gate LCA is conducted for products produced 
by the technology to derive the environmental impact asso¬ 
ciated with the production of a unit amount of product. At 
the same time, resources (i.e., raw materials, land, factories 
for production, etc.) available for production are evaluated. 
To obtain the information described above, life cycle inven¬ 
tory analysis (LCI) and life cycle impact assessment (LCIA) 
are performed. 

A gate-to-grave LCA is conducted for utilization of var¬ 
ious technologies. Such analyses derive environmental im¬ 
pact reduction induced by the utilization of a unit amount in 
the respective technologies. Here, emissions that occur in 


Fig. 1 Scope of a study when 
multiple production and use and 
disposal scenarios are evaluated 
with c-LCA. In addition to the 
interactions among the technol¬ 
ogies in the defined domain, 
influences on replaced technolo¬ 
gies by the use of the evaluated 
technologies are considered 
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Fig. 2 Method of developing a 
graphical c-LCA methodology 
according to the LCA 
framework 
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the production pathways of displaced products are 
accounted for. At the same time, demands for functions 
delivered via respective utilization technologies are evaluated. 
Similarly, LCI and LCIA are required. 

2.1.3 Step 3: generate a graphical representation 

Next, a graphical representation can be generated using the 
results obtained from Section 2.1.2. Fig. 3 illustrates how an 
individual LCA result of a technology is assembled. 

For the technologies classified in the production catego¬ 
ry, the production curve (P curve) is developed as shown in 
Fig. 3a, b. Each segment P 4 ) represents different 

production technologies. A segment can be drawn in a 
coordinate with production and environmental impact of 
primary interest in horizontal and vertical axes, respectively. 
The segments are linked to form a curve that starts from the 
origin of the coordinate. 

For the technologies classified in the utilization category, 
the utilization curve (U curve) is developed. Each segment 
(U\... U 4 ) represents different utilization pathways. A U 
segment can be drawn in a coordinate with production and 
reduction in an environmental impact of primary interest in 
the horizontal and vertical axes, respectively. The segments 


are linked to form a curve that starts from the origin of the 
coordinate. For example, U in Fig. 3 depicts how a U curve 
would appear. 

In Fig. 3a, if the segments are put in order according to 
their gradients (P 4 ^u U 4 _> i), the constructed curves are 
convex upward, which are P m ax and U mm curves, respec¬ 
tively. Such P and U curves show the maximum environ¬ 
mental impact and minimum environmental impact 
reduction over production, respectively. Conversely, 
Fig. 3b shows that if the segments were put in the reverse 
order ( P\^ 4 , t/i_> 4 ), the P and U curves will be convex 
downward and show the minimum environmental impact 
(P mm curve) and maximum environmental impact reduction 
(U m ax curve) over production using the same collection of 
production and utilization technologies. The P and U curves 
theoretically would lie somewhere between those two 
extremes, which intersect at the origin and at another end 
of the curves. 

By combining the P and U curves, the impact curve (/ 
curve) can be synthesized to show the net changes in envi¬ 
ronmental impact over the extent of a collection of technol¬ 
ogies. Note that only the impacts that are directly associated 
with the individual technologies in the evaluated domain are 
evaluated here. For example, the / max and / min curves show 


Fig. 3 Graphical representation 
of c-LCA explained in the 
context of evaluated 
technologies 


(ci) Synthesis of maximum environmental impact curve (b) Synthesis of minimum environmental impact curve 


Environmental Impact Environmental Impact 



Springer 
























Int J Life Cycle Assess (2012) 17:119-125 


123 


the maximum and minimum environmental impacts induced 
by introducing those set of technologies. That is, for a 
certain amount (xf) of feedstock utilized, the environmental 
impact induced from society is within the vertical range 
between the 7 max and 7 min curves at x h on the horizontal axis. 
How much the x h would depend on various socioeconomic 
factors of market penetration, such as cost, incentives intro¬ 
duced by the government, and oil price. Marginal additional 
impact (and impact reduction) varies over the demand of 
production and utilization. In this graphical representation, 
this is considered and expressed as the shape of the range in 
between the 7 max and 7 min curve. 

2.1.4 Step 4: interpret the results and provide feedback 
information 

The environmental effects among corresponding technolo¬ 
gies are visualized and can provide information for strategic 
decision making. For example, different scenarios of tech¬ 
nology introduction under various economical and social 
circumstances can be accessed via the graphical representa¬ 
tion. Feedback such as technology reconsideration is 
obtained when the results need to be reexamined. 

2.2 Indicators 

To characterize the results from this methodology, the indi¬ 
cators are proposed, as shown in Fig. 4. The feedstock point 
A (x A , y A ) indicates the maximum environmental impact 
(i.e., y A ) induced by those chosen technologies among all 
possible technology implementations. As a convex upward 
curve, point A on the 7 max curve indicates the highest point 
and implies the possible maximum environmental impact 
value. 

Then point B (x B , 0) can give an index of emission 
neutralization. As shown in Fig. 4, the y value (i.e., 

Environmental Impact 



Fig. 4 Scheme of indicators applicable to graphical c-LCA 


environmental impact) of the 7 max curve will be maintained 
as negative when the hydrogen amount is over point B (i.e., 
x B ). In other words, when the feedstock amount exceeds x B , 
the environmental impact reduction can always be achieved. 

Finally, at point C, the maximum emission reduction can 
be expressed. On account of point C (x c , yc) being on 7 min 
curve and showing the lowest point, point C can indicate the 
maximum emission reduction amount (y c ) and the most 
appropriate amount (x c ) for society attributable to the high¬ 
est reduction potential. Even if the feedstock utilization 
exceeds x c , the environmental impact remains negative 
compared with the benchmark situation at the origin of the 
figure. 

2.3 Contribution of technology innovation/breakthrough 

This proposed methodology can also be used to evaluate a 
technology breakthrough/improvement. The composite of 
technologies including the evaluated innovation can be con¬ 
structed by changing or adding the segments in the P and U 
curves. Examples of modification of P min and f/ max curves 
owing to various types of innovation are shown in Fig. 5, 
that is, the extension in capacity of Pi (dotted line in P '), 
improvement in efficiency of P 3 (Pf of P') and technical 
innovation (£7 N of U r ). The innovation will change the 
curves and thus change the 7 min curve. In the same manner, 
the 7 max curve is modified, and the new indicators are 
obtained. 

By presuming the availability of resources in the future, 
demands of services, and a technology domain that consists 
of multiple related technologies and their future perform¬ 
ances, the three indicators are obtained using the method 
described in Section 2.2. To evaluate the changes in envi¬ 
ronmental impacts for a given innovation, we compare the 
three indicators before and after the innovation. The system- 
wide environmental impact reduction by technology 



Fig. 5 Scheme of evaluation in technology innovation 
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innovation is explored, making it possible to provide feed¬ 
back to the early stage of technology design or develop a 
more strategic policy. 

Furthermore, this methodology can be used to assess 
different impact categories together with a main impact 
category, according to the focused interest, as demonstrated 
in the following case study. 

3 Results 

The graphical representation for c-LCA is used to assess the 
environmental impacts in the future society by utilizing a set 
of technologies under different criteria. The achievements 
are summarized as two points listed below: (1) it allows the 
understanding of technologies and their environmental 
aspects in relation to other required or coexisting technolo¬ 
gies in the defined domain and (2) it visualizes the theoret¬ 
ical range of environmental consequences assuming 
technologies that are in the same domain, which are further¬ 
more conducts the maximum reduction that could be 
achieved, the maximum environmental impact caused by 
technology implementation, and the absolute reduction 
amount. 

This achievement can be applied in a strategic way when 
designing the future possible society. The maximum envi¬ 
ronmental impact potential can be evaluated before the 
introduction of those set of technologies. The appropriate 
feedstock utilization can also be assessed to ensure the 
positive effect on society. Those achievements play a role 
in providing the possibility of feedback on target efficien¬ 
cies and consequential environmental benefits to the stake¬ 
holders such as technology developers or researchers and 
policy makers. For technology developers, they can know 
how sustainably they can contribute to the whole society or 
which part they can make more efficient. For governmental 
policy makers, they can realize the future consequences 
when several energy policies are to be implemented. Be¬ 
cause the different economic and social constraints would 
make the assessment complicated, this method can allow 
stakeholders to focus on the discussion of visions of the 
future society using the graph. 

4 Discussion 

A graphical representation for c-LCA is developed to allow 
decision makers to strategically analyze the choices of tech¬ 
nologies to be used in the future, being aware of uncertain¬ 
ties induced by various factors that require use of more 
detailed models to simulate consequences. It can also be 
used to evaluate technology improvements/breakthroughs 
under a specific vision, in which the technology 


improvements are broken down into “per-product emission 
reduction” and “yield enhancement.” This methodology 
shows the possibility of feedback on target efficiencies and 
consequential environmental benefits to the researchers de¬ 
veloping the technologies being assessed. Three indicators 
are defined in the use of this proposed methodology: max¬ 
imum environmental impact, emission neutralization, and 
maximum emission reduction. These provide information 
on the relationship between feedstock utilization and the 
associated environmental impact. 

However, the methodology suffers from a number of 
limitations at present. This methodology might have a lim¬ 
itation on when to consider several environmental, econom¬ 
ic, and social indexes at the same time for the visual aspect. 
For example, it can be extended into three dimensions to 
compare two different indexes, yet it is not easy to under¬ 
stand if it is extended into more than three dimensions. In 
this case, the aggregation method might be applied, al¬ 
though some information on the characteristics of the index 
may be lost by the aggregation. That is, if the selected 
impact categories are integrated into a single index, the 
differences of impacts among various processes cannot be 
identified. For instance, a process that emits lower green¬ 
house gas emission may have a higher acidification poten¬ 
tial. If several indexes are integrated, the information on the 
trade-off between them might be lost. In this study, we 
showed that this methodology is useful when the net utili¬ 
zation impacts are negative, whereas the production impacts 
are positive. In other cases, it seems that the usefulness of 
this methodology is limited. 

5 Conclusions and recommendations 

By collecting more data on a wider variety of corresponding 
technologies in the selected domains, a technology assess¬ 
ment platform can be constructed. It is recommended that 
such a platform be constructed to make the most of the 
technological assets generated as a result of research activ¬ 
ities. As a result, the platform enables the optimization of 
the possible future society reflecting various criteria and 
constraints. 

The proposed methodology distinguishes the uncertainty 
regarding the choice of technologies that arise as a conse¬ 
quence of various considerations from other types of uncer¬ 
tainties and visualize the prior. This approach is particularly 
useful for assessing different scenarios of the technology 
implementation. In this way, stakeholders (e.g., technology 
developers and policy makers) can focus on visions of the 
future society, which include different choices of set of 
technologies. 

Both existing and new technologies can be assessed in 
the proposed framework. Varied levels of uncertainty in the 
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existing and new technologies should be noted but currently 
not assessed in the proposed methodology. 
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